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for the 

Amy Air Forces^ Materiel Conir^.and . 
r;SNERALT2iED PERFORMANCE SELECTION CKARTS FOR 
SINGLE-EIJGIIIE PURSUIT AIRPLAIiES 
By Ho Reese Ivey, (ieorge W, Stickle, and Maurice J. Brevoort 

SUMMARY 

The NACA has carried out an investigation of the effect 
of wing loading, pov/er loading, and aspect rati'-' on the per- 
forT-nance of pursuit airplanes. The study is based on data 
co-mbined fron specifications, v:ind-t\.mnel and flight tests 
of various modern fighter airplanes, and the results are 
presented on graphs that show the perfornance that may be 
obtained by airplanes having an aerodynanic cleanness that is 
approximately/- the best found in present production airplanes. 

For the purpose of this report, the charts are prepared 
for airplanes pov/ered by one 2000-horsepo\7er radial air-cooled 
engine, but are placed on coordinates that allov^" their use 
for airplanes of -different power for the determination of 
trends. 

IITTROLUC^ION 

The NACA In cooperation with the military services has 
made a study in which bomber airplane perf orman-ce -has been 
graphically related to bomber parameters. These studies 
were basod upon ^statistical information obtained on existing 
military bomber types. The presen.t report continues this 



study in regard to 5! inrle-engine pursuit airplane performance 
based v^pon statistical infornation on military pursuit 
air- planes , 

In reference 1 it \;as shown that airplane parameters 
are divided into tv/o [;;roups: 

Prim.ary ( dimensional) Cecoridary (efficiency) 



Tlie reports of references 2, 3, 4^ 5^ 2*.n.d o .rclc\ted 
bomber performance to the prim.ary parameters while the 
secondary pararieters v-zere held constant. Reference 1 
examined the effect of m.agnified variations of the secondary 
or efficiency parameters while the primary parameters v.-ere 
held constant. The present report relates the primary 
parameters of pursuit airplanes to their performance while 
the secondary or efficiency parameters are held constant. 

?or this analysis the power Is taken as 2000 brake horse- 
power and the altitude, gross v/eight, and v/ing ai'ea are varied. 
The efficiency parameters are selected to be comparable to 
latest production pursuit airplanes; therefore the charts are"" 
useful in determ.ining approximate performances that m.ay be 
realized today. The perform.ance characteristics that are 
related to the above parameters are? speed, rate of climb, 
take-off distance, rate of roll, radius of turn, and tim.e 



Altitude 
Powder 

O-ross welg: 
Wing area 



:ht 



Engine economy 
Aerodynamic efficiency 
Structural efficiency 



to turrio The report Is roughly divided into tv/o parts: 

(1) tlie effect of wing loading, power loadinr. and dinenrions 
0:1 the ge^neral trends of performance of pursuit airvjlanes and 

(2) the effect of varyinf the vving area and aspect ratio of 

a given sirplane with a fixed load, permitting crianges in the 
wing and po'"jer loadings according to th.ope requires for 
•^^tructnral weight vpriatjons. ' The pursuit airplane differs 
from the bomber in that its p:asoline and bomb 'loads are fixed 
at a minimam to permit high rate of climib rmd ^^reat maneuvera- 
bility; therefore, the second part of the ropori. is made a 
necessary addition since the change in structural weight cannot 
alter this load as v/as done In the bomber study. 

The Txain purpose of this report is to show the trends 
of perform^ance 5n a convenient graphical form that m.ay be 
used v/ithout laborious com.putations . The results of the 
analysis are presented in the fovn of charts which are 
discussed in the body of the report. The assix-nptions upon 
which the charts are built are gi^^en in appendix r-., the form.ula:: 
used are given in appendix 3, and a discussion of the lim^ita- 
tions of the charts is given in appendix' C. 

The charts are arranged as follo'vs: 



1(a) Comr^ositc selection chart sea level VJ/P versus Vv/S 



Figure 



Subject 



Altitude 



Co ordinate S7)7's tern 



(ft) 




15 . 000 
25^000 
40,000 



Do. 
Do. 
Do . 



1(d) 



do . 
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2 (a] 
2(b: 

3 (a; 
3(b; 
3(c; 
5(dj 
4(a; 

4(id; 
4(c; 

4(d) 

5 (a: 
5(b: 

5(c; 

5(d) 
6(a: 
6(b; 
6(c; 

6 id] 
7 

S 
9 

10(a) 



10(b) 
10(c) 
10(d) 
10(e) 
10(f) 
10(g) 
11(a) 



Sub ] ec t 



Take-cff run 
eo. 

Rate of climb 
doo 

do. 

High spcjed 

do . 

do. 

do» 

Radius of turn 

. do * 

do. 

do . 

Tii;,e to turn 

do. 



V ' J e i p h i; variation 
Rolling velocity 
Rolling velocity v/ith a 

30-pound -tick force 
The effect c-f aspect 

ratio on i.ower loading 

(Constant loads) 
The effect of aspect 

ratio on t^.>e-off r\in 

(Airplane L) 
The effect of aspect 

ratio on rate of climb 

(Airplane 1.) 
The effect of Mspect 

ratio on hi^c^h speed 

(Air JO lane A' 
The effect of aspect 

ratio on ri^dius of 

turn (Airp.lane A) 
The effect of aspect 

ratio on V.im.e to turn 

(Airplan; A) 
The effect of aspect 

ratio on rolling 

(Airplane A) 
The effect of v;ing 

loading on take-off 

run (Airplane A) 



Altitude Coordinate system 
(ft) 

sea level './/p versus \;/S 



5,000 

sea level 
15,000 
25,000 
40,000 

sea level 
15.000 
25^,000 
40,000 

sea level 
15,000 
25,000 
40,000 

sea level 
15,000 
25,000 
40,000 

any alt. 



Bo . 
Do. 
Do. 
Do . 
Do. 
Do. 
Do. 
Do . 
Do. 
Do. 
Do, 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do . 



do. p' versus b, and V^^^p^^^^ 



all alt. 



any alt^ 

sea level 
and 
5,000 



all alt. 



w/p 



Do. 



versus n 



s versus R 



versus R 



■dOc--- Y^^Yi versus R 



^^^do.--- 



do • — 



sea level 



r versus R 



t versus R 



n^ versus R 



s versus \ 



V7/C 
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Fip;,ure Sub ject 



11(b) The effect of wing load- 
ing on rate of climb 
(Airplane A) 

11(c) The effect of wing load- 
ing on high speed 
(Airplane A) 

11(d) The effect of wing load- 
ing on r a dins of turn 
(Airplane A) 

11(e) The effect of wing load- 
ing on tine to turn 
(Airplane A) 

11(f) The effect of wing load- 
ing on rolling 
(Airplane A) 

11(g) The effect of wing load- 
ing on rolling with a 
3C-pound ptick force 
(Airplane A) 



A 1 1 i t u de C o o r d i n ate ^. ^ t en 
(ft) 



all alt, 



o . — 



do • 



clo.-- 



do . 



versus Vv/S 



"^nph ^^^^^^ 



■ersus V;/2 



t versus v//s 



p^ versus VV/S 



Do. 



a 
b 
c 

D 

e 
F 
K 



errR 



SYMBOLS 

acceleration, feet per second per second 
wing span, feet 

speed of sound, feet per second 
drag coefficient 
indnced-drag coef f i cient, 
profile-drag coefficient 
lift coefficient 
d:^ag, pounds 

landing- gear drag^ pounds 
span efficiency factor 
frontal area of fuselaf-'e, square feet 
e X J ) e r i n e n t a 1 constant 



lift, pounds 
lift to drag ratio 
U9 Gil m;irib e r , v/ c 
enpine ■bra]':e horsepower 
rate of roll, radians per second 
rate of roll, de-^rees r.er f^econd 
e::;.ce3S hr^ike hore e7:o\vc;r lor clmfcing 
enj^ine cooling thrust 'lorsepovrer 
thrust hor'^f^pcvre:^'^ req^iired for r)\:irnpinr: engine 
cooliui^;; air 

dynanic pressure of the air stream, (~ pV^) , pounds 



radius of turn, feet 

minimum radius of steady turn, feet 

minimum radius of accelerated turn, feet 



take-off distance, feet 

wing area, square feet 

time to turn, seconds 

pro]jeller thrust, poujids 

temperature , ■'^Rankine 

airplane speed, feet per second 

rate of clim.b, feet per minute 



per squ.are foot 



q corrected for compressibility. 




pounds per square foot 



aspect ratio, b^/s 
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V/ gross vveight, pounds 

propeller efficiency 
p a.1r density, slugs per cubic foot 

II rolling friction coefficient 

PRESENTATION OF FIGUnLS 
Selec t j on Charts > - Perf ori.^ance selection charts for 
single-engir.e p\irs\ait airplanes po;vered by a 2000-horsepo\'/er 
engine are given for four altitudes (sea level, 15,000 feet, 
25,000 feet, and 40,000 feet) in figure 1. These charts are 
drsym on the coordinates of the airplane v/ing and power loading. 
They present performance curves of speed, rate of climb, take- 
off distance, nininiin radius of steady tarn at constant 
altitude, and nininum tline to turn 560^. Using the 
v/eight fornula of appendix B, the gross weight of many airplanes 
is conputed for constant internal loads ( tlie internal loads 
are considered to be the gross v/eight minus structural weight) ; 
the loads are ex];re33ed as a pov/er loadinfr, '^^'5/P^ '^^^-^^ ^^^^ 
plotted on the selection charts to indicate the available 
airpl-iine power loading for a given load and wing loading, 
A combination of the weight curves and the performance curves 
perm.it the determ.ination of the effect of changing tlie wing 
area of a riven airplane on its perf orr.ance . Each of these 
performiance and weight curves are given in m^ore detail as a 
function of wing and power loading in figures 2 to 7. 



I 
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?lie values of the efficiency parairieters ured In the con- 
^^tj^^^ctlon of these charts correspond to the best present-day 
r^-^ooA^.cticn airplanes an*-! therefore they are useful In obtaining 
a rour.h approxinat ion to the available perfornance of nursuit 
airplanes with a --^iven set of pririary parameters. For 
exanplo^ if it is desired to dete?nnine approxinately the 
perfornance of a pursuit airplane with a wing loading of 
40 pounds per square foot and a power loadiiig of G pounds per 
horsepovjcr with an engine supercharged to 25,000 feet altitude 
tlio perf ordnance nay be I'ead either from figure 1(c) or in nore 
detail in figures 2 to 0. For airplanes having 2000 horse- 
pov;or we have W = 12,000, 3 = 200, and b = 41 .5 . 

The performance estinates obtained, are: 

1. High speed, 435 niles per hour 

2. Rate of clir.b at 25,000 feet altitude, 2250 feet per 

minute 

3. Take-off run at sea level, 1270 feet 

4. Minimum radius of steady turn at 25,000 feet altitude, 

2250 feet 

5* Kinimum tim.o to turn 360^ at 25,000 feet altitude, 
43 seconds 

6. Rate of roll at 400 miles pjr hour at 25,000 feet 
altitude, 63^ per second 



/ 
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Rate of roll > - Unlike the other performance.?^ r^te of 
rol.l l*? not 1. function of engine poiver or airplane V76i;'~ht and 
tlierofore it is not useful to p"ot thif perf or!iiance on the 
coordinates of wing and pov/er loading. The actual ru'-.e of 
roll of an airplane is depenv'i.ent upon raany factor.*^ that cannot 
be sijrply represented in chart form, for exarple, the aero- 
d;/nairiic and nechanical balance of the ailerons, the aileron 
effectiveness, thio v/ing stiffness, and norient of inertia about 
the rolling axis. Hov;ever, certain general trends of this 
perforriance characteristic may be conveniently represented 
in three -dincnsional graphs, if representative values of the 
above effects are taken frori experience on airplanes. 

The geonetric relationship of the helical path of an 
airplane in a steady roll may be written in the lorrrx 

2V 

3y assigning values to Iv, this relationship mxay be 
shov;n as surfaces on three-dimensional plots. It has been 
found that the value of this constant for a representative 
pursuit airplane is K = 0.034. This surface is plotted in 
figure 6 on the corrdinates of \;ing span in feet, airplane 
forv;ard speed in r^iles per hour, and rolling velocity in 
degrees per second. To obtain the rolling velocity for any 
other value of K, the values of rolling velocity from fig- 
ure 8 may be multiplied by the ratio of values of X. 
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This relationship must be modified in the actual airplane 
bY the stick force the pilot can exert. If the values obtpined 
on the same representative pursuit airplane are used to fix 
the degree of aerodynamic balance, a new surface may be placed 
on these three-dimensional plots by fixin- values of altitude 
and aspect ratio. (See appendix B for methods of analysis.) 
Figure 9 shov/s these double surface plots for various altitudes 
with an aspect ratio of 5.75. These surfaces combln?-.'' v;ith 
the planes through the coordinate a^wb form a volum.e. Several 
planes are passed through this volume and are shovm shaded in 
each part of figure 9 in order to show the rolling performance 
of representative airplanes as a fvnction of speed. 

Since the time required for an airplane to reach its 
maximum rate of roll is very short, particularly at the high 
speeds at which rate of roll seems Important, the initial 
period of acceleration is neglected and only steady rolling 
is considered. It is worth while to understand the limita- 
tions on the airplane under these conditions. At low air- 
speeds, the pilot can deflect the ailerons fully and roll at 
a given helix angle in wiiich case the rate of roll varies 
directly with speed and inversely with span, being independent 
of wing area. At very high airspeeds the li-iitation on stick 
force determines the rate of roll; for airplanes having a 
constant aspect ratio the maximum rolling velocity varies 
inversely with speed and inversely as the fourth power of the 
span or inversely as the square of the wing area. 
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T^ffect of aspect ratio of airplane A . - The chan^-:e :^f 
performance due to a chan.rre in the asnect ratio of the wlnj;; 
of a given alrplaiie Is shown in fa gurc 10 o The air].O^ane 
chosen for the e::ample L? .^hcwn on figr.re 1 as airplane A, 
It has a power loadlnr; of 6 poujids per horsepo\/er and a v/ing 
Icadlnf of 4C ^-^ounds per square foot, v;hich for this stud7 
corresponds to a gross weiJTht of 12,00C pounds v/i th 300 square 
feet of wim- area. 

The variation in the nov/er loading due to the change in 
structural weight viith aspect ratio is given in figure 10(a), 
In the study of the other pei'f ormance characteristics it 
should "be rerienDered th?t this change in structu-'^al v/eight 
increases the pov/er loading at high aspect ratio. The 
optim^jiin aspect ratio for any perforinance is obtained by the 
best balance betvv^een t]iis tructur:--l effect and the effect 
of aerodynanic considerations, A study of figure 10(c) 
showing the effect of aspect ratio on rate of clinb should 
s -iff ice to explain this type of chart. In addition to 
airplane A^ tv.o otlier arbitrary airplanes (Ar; and Ar) are 
spotted on the figure. It is seen that airplane A has almost 
the optimjjim aspect ratio for clirbin'"' at 25,000 feet. If 
the aspect ratio is increased to th.ut of air;:-lane Ar. ^ the 
rate of climb is less because the extra structural v/elght 
m.ore t?ian o^'^fsets any gain in aerodynamic efficiency. If 
the aspect ratio is reduced to t:iat of airplane A^-, the ' 



I 
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rate of clirib is le3s because the decrease in aerodynanic 
efficiency more tlian offsets the effect of lighter structural 
welrhts • 

I]ffect of design wlnr loading on performance « - The 
change of performance due to a change in v^ing area of airulane 
A is given in .-^irure 11 v The pov'er loading based on internal 
loads only (no structural v;eights) is kept constant at 4,05. 
The dashed line in figure 7 gi^^res the connection betv'-een the 
power loading of the airplane and the resiilting v/ing loading 
as the wing area is variedc It should be romomhercd for 
the purpose of this section that the airplane with a light 
wing loading is heavier than the airplane with a liigh wing 
loading* 

A study of fif-^ure 11(b) is helpful in understanding the 
figures shov.'ing the effect of Vving loading on performance. 
One conclusion easily dravm is that small changes in vjing 
area (and hence V'ing loading) have very little effect on rate 
of clirLb at sea level;, but at high altitudes a lov: wing 
loading is helpf"ulc 

PSRFORHAIJCE TREI'DS 
In order to study the trends in perfnrmance as affected 
b'r changes in loads, '.dnig area, and rower loading, several 
airplanes are spotted on figure 7, The performance of each 
is tabulated in the following sections, for airplanes liaving 
2000 horsepower. The basis of com-parison is airplane 
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rith V; = 12,000, 3 = ?00, R = The rate of roll is 

r;lven at 400 niles per hour true airspeed, and nil tahe-oi'f 
run s are a t s e a level. 

The effect of reinovinr; a lOU O- povmd l oad, - .airplane A-^^ 
in obtained by rer.oving a load of 1000 pour.ds froir. airplane A 
thus obtaining W = 11,000, 3 = 300, H = 5.75. The following 
tables can be used for conparlson of airplanes a and A-j^. 




o 

CD 



a* 



? 

I 



-p 

^ 



i 
•a 

•H 



O O 

o a 



-P 

Ji:^ 



o 



o 

So- 



o 

^ o 

CO o 
-P 't:; 





Comparison of and at sea level 



Airplane A 
Airplane 
I. /a 


36.7 
.92 


6.0 

5.5 
. .92 


1.1. 5 
1+1.^7 
1.0 


1270 
1050 

.63 


3075 
$')00 

i.iU 


355 
355 
1.0 


J£0 

385 

.92 


580 
500 

.87 


19.2 

17.5 
.91 


31 
31 
1.0 


Coriparison of A and at 1^),000 feot altitude 


Airplane A 
Airplane A|^ 
• AlM 


36.7 
.92 


6.0 

5.5 
.92 


hi. 3 
hi. 3 

1.0 


2625 
5000 

1.15 


liOO 
liOO 

1.0 


670 
610 

.92 


1025 
900 
.87 


28 
2^ 

.91 


i49 
h9 
1.0 


Comparison of A and at 25,000 feat altitude 




Airplane A 
Airpl-ane A]_ 


ho 

56.7 
.92 


6.0 

5.5 
.92 


U1.5 
hl.5 

1.0 


22 '50 
2750 
1.22 


U35 
U35 
1.0 


935 
850 

.92 


2250 
1900 
.65 


1+3 
39 

.89 


68 
68 
1.0 




Cor.parison of A and A^ f^'^t 1+0,000 focrt altitude 


. Airplane A 
Airolane A]_ 


ho 

36.7 
.92 


6.0 

5.5 

.92 


U.3 
1.0 

1 


1025 
2100 
1.5 


510 
510 
• 1.0 


1700 
1560 
.92 


U750 
1+000 

.S.U 


70 
61 

.67 


125 
125 
1.0 
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'2]ie effect of designinr for a 1000-po^md lirhter ].oad « « 
Aii^plrxne Ag is obtained by designing airplane A for a load 
1000 pourds less than the original denim. This giv^es an 
airplane sirillar to air] lane A]_ ej:cept that the structural 
weight is less. Pron the data of figure 7 we obtain 
W - 10,600, 3 = 300, R ~ The following tables list 

the data on airnlanes A and 



10 

1^ 



•rj 
O P. 



-p 

C; 



CO 



4-^ 
0) 

(D CD 



55 



i- 



a; 



o -P 

O d) 

c 



1 



'J 

cj -P 

Q CD 

O JiU 



CO 

C 

4^ O 



o 

0) o 
4^ ^ 



Cor:i.;arisoii of A and A^ ^.t coa lovel 



Airplane A 
Airp,lane A-j 
Ao/a 



Uo. 


6.C 


U.5 


1270 


3075 


355 


420 


500 


19.2 


31 


35 


5.3 


Li.5 


950 


3750 


355 


370 


i,6o 


16. S 


31 


.Co 


.88 


1.0 


.75 


1.22 


1.0 


.00 


.79 


.66 

I . 


1.0 



Comparison of A and Af^ at 1:?,00G feet altitude 



Air-3laiie A 


ho 


6.0 


M.5 


2625 


i.QO 


670 


1025 


28 


h9 


Airplane A2 


35 


5.3 


hi. 5 


3300 


i'.OO 


530 


825 


23.5 


h9 


A2/A 


.58 


.08 


1.0 


1.26 


1.0 


.68 


,60 


.85 


1.0 



Coriparisori of A and A2 at 25,000 feet altitude 



Airolane A 
Airplane A2 

a^/a 


ho 
35 

.08 


6.0 

5.3 
.68 


hi. 5 
U.5 
1.0 


2250 
3000 


U35 
105 

1.0 


935 
615 

.68 


2250 
1750 
.76 


h3 
37 

.6U 


68 
63 
1.0 


Co'aparj. son of A anu Iv^ ^'^ l4-0,o-00 feet alti^.ude 


Airplane A 
Airoiane A2 


1.0 

33 

• Ov-j 

■ 


6.0 

5.3 
.60 


L1.5 

ia.-.5 
1.0 


1625 
2LOO 

i.:.6 


510 
510 
1.0 


1700 
IvOO 
.83 


1.750 
3600 
.76 


70 

.83 


125 
125 
1.0 
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Th6 0 ■ffect 01 chunr o In de si gn v. owe v l oadl rig . - Th i n 
section shoves the affect of de^ir-ninr an airplane for a lower 
po77er loading ^vlth tlic sane v'ing loading. Air'plane A;^, the 
airplane ur>ed ]ir;re for an eyample, ir. obtained by designing; 
airplane ^ for a load 1000 pouncir^ lesr th-an norr^al and then 
decreasing the wing area (and. hence the w^tructural weight) 
until the wing loading is the same an that of airplane A. 
From figure 7 we can estinate V;= 10^400, B = 260, h - 5.75. 



The follov.'ing tables list the details of airplanes h and A^^. 





























i 






II 

1 




m 

O (D 
r •-^ 




o 


.H 
rH 




p 


Pov/er loai 
Ibc/hp 


Span, fee- 


Take-off : 


1 

Rate of c: 
feet/mi: 


o 

■tb 

•H 


Had. of ac 
turn, fc 


Had. of 
turn, 

i 


o 

4- 


Rate of rc 
deg/sec 



COiTiparison of A and At r- 1 sea level 



Airplane A 


ij.0 


6.0 


ill. 5 


1270 


3075 


355 


I420 


580 ■ 


19.2 


51 


Airplane A-z 

ky/k 


i+0 


5.2 


38.6 


1070 


5750 


365 


ii20 


.530 


17.S 


la 


1.0 


.o7 


.C9 


.3i, 


1.22 


1.03 


1.0 


.93 


.93 


1.52 



Comparison of A and A7 at 15,000 feet .'-.ititude 



Airplane A 
Airolane A^ 


Uc 
1.0 


6.0 
5.2 
.37 


'.1.5 
;.6.6 

.09 


2625 
5250 
i.2n 


i|00 

Uio 
1.03 


670 
670 
1.0 


1025 
950 

.91 


28 

25.5 
.91 


h9 

65 
1.32 


ConpariGon of A and A^ at 25,000 feet rloitude 


Airplane A 
Airolane Ax 


Uo 

1.0 


6.0 
5.2 
.67 


U.5 

30.6 
.;-9 


2250 
2900 
1.29 


n35 
.'+50 
1.05 


935 
935 
1.0 


2.230 
2000 

.89 


39 

.ay 


60 

91 
1.32 



Cojr.oHrison of ;\ and A^ at iiO,000 fu-^t alcitude 



Airplane A 


li.C 


6.0 


l.-:1.5 


1625 


510 


1700 


U75C 


70 


125 


Airplane Aj 
Av/i^ 




5.2 


33.6 


2200 


525 


1700 


Uioo^ 


61 


150 


1.0 


.^^7 


.89 


1.35 


1.03 


i.Q 


.37 


.87 


1.2 
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The e/Tec_t 01' d erj. f^n \ /arir, load lnp-^ - To sliov: t'.ie effect 
of doni-gninp an airplar.e for a different w3ng loadinr. It 
ir n:-?cessr*i-'y to c^esi^m for the r^ame n.iiterna] load. Air- 
plane l*^'. the airolane obtaine^d by desl^^Tiinr: airplane A 
for a v:inr: loading of 35 instead of 40; it is obtained by 
riovinp alonr t"'ie con.'^tant load line V^^^/f - 4.03) in fir^ure 7 
until the derired pjint is reached, Frori the riven v:inf^ 
loading" and trie pov.'er loading indicated in f i.;:-rre 7^ \ e find 
that airplane A^^ has V* - 12,000, S = 549^ R = f .75. Fiirbher 
results are presented in the follov-ing tables. 













TP 






OB. 






r-H 


















CI, 



G 



I 



"J 



C -P 



.73 



'H. 

i 



0) 4--^ 

O g 

-a -P 

55 



4-^ O 
O 



-p CO 

o 

•p O 



r-H 

o 

JJ) 



Coiriparison of and Ai. at sea level 



Airplane A 
Air7)lane A) 


liO 

35 

.38 


6.0 
6.1 
1.02 


lii.5 
1.03 


1270 
lllj.0 
.90 


3075 
3100 
1.01 


355 
3I+0 

.96 


I4.20 
570 

.88 


580 

510 

.80 


19.2 

17.7 

.92 


31 
23 

.ih 


Comparison of A and A), at 1^^,000 feet altitude 


Airplane A 
AirT:>lane Ai, 


1.-0 
35 

.38 


6.0 
6.1 

1.02 


UI.5 
4^'+. 8 
l.CS 


2C23 

2675 
1.02 


i|00 

''>65 

.96 


670 

500 

,83 


1025 
910 

.Go 


23 

25.5 

.92 


h9 
36 

.Ih 


Coraparison of A and Ai^ at 25,000 feet altitude 


Airplane L 
Airplane Aj^ 


h.o 
35 

.88 


6.0 
6.1 

1.02 


hi. 5 
IJ1.8 
1.C3 


22^0 ■ 
2525 ■ 
1.03 


ii.35' 

120 

.96 


935 
•615 

.83 


22 '-vO 
2060 


U3 
ho 

.92 


63 

50 

.7h 



Comparison of A and A)^ at ij.0,000 feet altitude 



Airplane A 


ho 


6.0 


la. 5 


1625 


510 


1700 


4750 


TO 


129 


Airplane A[, 


35 


6.1 


i4l;.8 


1750 


'i-95 


1500 


I4200 


65 


93 




.33 


1.02 


1.03 


1.08 


.96 


.83 


.88 


.92 


.7h 
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CONCLUSIONS 

1. Take-off dls Lance i.s adversely affected by increased 
power loading or \'ing loadinp. 

2. Plate of clirib is incre':.'Sed hj a decrease in the power 
locdinr of the airplane. The effect of v/inp loading is 
negligible at sea level, bnt ligltt wing loadings are advan- 
tageous at high altitudes, 

3. The maxinum speed increases v/ith v.^ing loading and 
decreases with pov/er loading in the norrial rangj of values used 
for pursuit airplanes. T'le laxirurri speed of pursuit airolanes 
is al>-.ost unaffected by overloading in the normal range « 

4. The niniiiii_m radius of stead:/ turn at constant altitude 
is adversely affect.ed rrj ir.creased pov/er loading or v;ing load- 
ing in the nornal range encouritered on riodern pursuit airplanes. 

5. The nininum rcidius of accelerated turn increases v/ith 
wing lo^iiding. It is not affected by power loading. 

S, The tine to turn at constant altitude is adversely 
affected by increased v/ing ond power loading* 

7. At high forward speed vrhere the aileron deflection is 
deterriined by the stick force, the rate of roll decreases with 
forward velocity and v-fing area. For this condition the rate 
of -^oll is unaffected by asnect ratio. At low forward speeds 
whore the pilot can ri^'^e the ailerons full deflection, the rate 
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I'oll increase with for'A^ard sv>oecl n.^xc] decre^^as i:^'ith winp* 
sr/.^';. In t}:is Cc.?e lov/ ar;)ect raLio le advantageous. 

Lan^jley LleTnorial ..eronaut ical Laboratory^ 

Fational Advisory ComiTiittee for Aeronautics, 
Lan/.:?.ey Field, Va., Pebi-uary 6, 1943. 
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APPHNDTX A 

A 5. r p lane CYit: pact e r i s 1 1 c s 

Airplane charaoteris t:los change because of iiiproverients 

in engines, naterials, and aerodynamic de3i{m. The airplanes 

tl'.at foriTi the basi? of the rep.vort represent present desifcn. 

A stndy of information obtained from the Materiel Gorninand 

Liaison Office at Lanf.:le;7 Field and fi^om reports on pursuit 

airplanes tested in the iJAGA full-scale tunnel led to the 

assumption of a v^lnc tail drag coefficient of 0,0110 based 

on wing area, and also a fuselare drap coefficient of 0.08 

based on frontal area. This gives Cj^. 0 . 0110 - 0.0173 ^ 
OcOBT^' ^T*^ 

4- — — 4- the second term representing a correction for 

S errP/ ^- 

the wing area enclosed by the fuselage. The horsepower 
required for piomping the engine cooling air, Pq, and the 
thrust power, P..|, obtainable from the heated air leaving the 
cov/ling, are calculated for the high-speed condition, but P. 
is neglected at all other speeds. 

Since high altitude operation required bigger ducts and 
more supercharging equipment, it is necessary to increase the 
effective frontal area in the airplaries designed for high 
altitude. In a similar m.uraier it is necessarv to change the 
propeller efficiency and pov/sr required for cooling v:ith 
altitude. The following table lisbs the simultaneous values 
used. 



TAPLE I - Pertinent Assumptions 

P 

hv -^J^it^^e ^iturn %limb ^Ic^h sneeci 

£2.5 95 0 0.0039V 0.80 0.P5 5.75 

2?. 5 115 15,000 .00o2V .78 .02 5.75 

24*0 1C5 25,000 .0021V .78 •82 5.75 

25.0 185 tC,000 .0018V .78 .82 5.75 



Cooling Pov;cr 

The oower : e luired for en-ine cooling" is e:-^ti?nated from 
reference 7 vvi::.i 50 percent extra fin vvidth for the calcula- 
tiono at 40,000 feet. Fov^er for pi:ijjpin>;: air for the inter- 
cooler is found from refer^ence The total coolin;^ pov;er 
is tabulated above as Tjie thrust possible from the hot 
enf^ine coolinr: air is estiT;:ated froi-n i^eference ' to bo 

u 5G1V^ 



25950Tq + 7^ 



Fuse la /^e 

It is ass^uiied that the effective ci^oss section of tlxC 
fuselap'e is independent of the v;ei^:^ht of the airplane since 
the cross section will be influenced r:ainly by the engine 
diameter and the altitude the airplane nust to rr^p or charged 
to. These items set tlie minimum di^uaeter and bhere seems 
to be little advanta^;:e to increasln--^ above this minimum.. 



Span Efficiency 
Tlie siDan efficiency factor is asrui-ied to bo 0.3 foir all 
lift coef f icientp. less than 1.5, thereafter decreasinr; linearly 
to 0«6 at a lift coefficient of 2«5. 

Aspect Ratio 

An aspect ratio of 5.75 is used in all the calculations 
except those shov/inf^ the effect of aspect ratio. 

Landing Gear 

D\iring take-off calculations the additional air drag 
caused by tlie lo\;ered landing gear is considered. 'fhe extra 
drag is based on tests indicating that the drag of tires 
accounts for ap])roxir:iately 70 percent of the total landing - 
gear air drag. The airplanes are considered as being 
supported by 10-ply high-pressure tires in which case the 
tire frontal area and h.ence drag Vv'ill vary as the airplane 
weight. The drag can be expressed as D^; = 1.3 x 10""' I'/ V*'*'. 

A value of rolling frictior. coefficient of 0.05 is used; 
this value is to be expected on fields r/ith short grass. 
Propeller Efficiency and Thrust 

Propeller sizes and efficiencies were investigated v/ith 
the help of reference 10 for 15,000, 25,000, and 40,000 feet 
altitude with propeller tips opei^ating at the speedi of sound 
in the hig}i-speed condition. In order to keep the ti^cnds in 
perfornanco correct it is decided to vary propeller efficieuxcy 
with altitude and speed in a manner to be expected for 
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::0C-hor3eoov:er propellers of snail diameter and high tip 
peed. The values Msed for the efficiency are listed In 
.:d:le I. Since tbe calculations for turning are at a lov/ 
pcod^ it i^-^ assuned t} = at the efficiency varies directly v/ith 
P'ced up to the Tnaxinuri efficiency. 
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appi:ndix 3 
peri^ormauce calc vlati oks 

Take-off Run 

Take-off rim is considerod as the distance required for 
the airplaiie to accelerate to a ppeed at \'hich It cari leave 
the ground v;itli a lift coeffioiont of 1.0. The propeller 
designed for use at 15,000 feet is uned in the take-off 
calculatior.s hecause it £:ives result? that will be inore con- 
servative than the propellers designed for higher altitude. 
The thrust for the propeller is natched closely up to 300 feet 
per second by the curve: 

T = - K 

at sea level the thrust is taken as T = 51C0 - O.Ol^O 

and at 5000 feet altitude T = 4470 - 0.0154 . Equating 

the s\u;ination of the forces to the mass tines the acceleration 



1 

where [i is taken as 0.05, 0^^^ ^ O.OllO • 0,017^^ + ~r^j 
-7 o 

Dyj = 1.3 X 10 \! V"^. Integratinr and solving for the 
distance required v'e have an equation of the foiTi 



^ Ke (1.15) ^ 1 

_ lor;-! 7 

1 - 



1 



= ^ 0*05W, ^ (-0.U1103 -i- 0.0173^ - 1.83) ^ - 1.3 xlO 



Figure 2 Is plotted for the case of all airplanes "beln,^ 
pulled to a lift coef .-^"icient of 1 when the airolane lias suf- 
ficient speed for the tc.ke-off. Points on the rraph are 
obtaixied by substituting the corresponding-; values of uid. 
3 in tjie above equations. 



An Investigation of the horsej-ov/er available ar.d horse- 
power requlredv shoves that cho rate of cli^nb at i:?.a:':imun l/D 
and the rrieximur] rate of climb are very nearly the same for 
all airplanes and hence all rates of climb are calculated in 
the maxiTirom l/D condition by use of the following equations. 
Equating the horsepo\-/er available v.^ith that i^equired 




Rate of Clirfo 




1 



550 (eiTR)^ 




35000 T]P^ 



Hich Speed 



Equating horsepov.'orp in the liigh- -riMicd conditioii 



r)P -r 




enK 



/ 
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'■r2 Ct^ 

3u.o.stitutin{: ^ -- and solving for- '7 




- 1 

550 ll£z£llj±jl _ 0,01105 + 0,01705- - O.OCf' 
qiV 



outstitutin.e various Vc^:.lues of S for each value of V v/e 
obtain curves of ccnstart velocity as in fif;'ure 4. 

The values of q-]_ are obtained fror. a chart shovring the 
dTnamic pressure corrected for compressibility as a function 
of altitude and sreed. In the absence of a chart of this 
type, the dynanic pressure can be calculated by the relation 

= 1 PV- (1 -f I k2 + . . .) 
riinirTJiri Radius of Steady Turn and ITininuan Radius 

of Accelerated Turn 
The maneuver designated in this report as nininAim radius 
of steady turn is the nininujn radius of t^.irn that the airplanes 
can make v/lthout chanp:ing their altitude or speeds. Equating 
powers 

550 (-01- - P,) = f 5-;/- . 'h^ 

If v/e have the vertical component of the lift equal to 
the v;eifrht of the airnlane, the horizontal component p.lves an 
acceleration tov/ard the center of the turning circle. 



^ g ^ 
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Tt Collo'.vs that 



r = 



'2 

Substituting a ^^iven value of V/ and S v.^e obtain a value 
of V and v for each Ct value used* If we plot r 
versur^ V for an airplane, the minlr.nm ordinate of the curve 
represents the ninirai.un radius of turn. 

The equations used can be differentiated and solved for 
the >alni:nujn radius but the ass^iinptlons are such that four 
formulas of considerable complexity are required for each 
alt i tilde, each applying to some range of lift coefficients 
and velocities. 

For airplanes in a vertical bank, the above formula can 



be simplified to r = 



3 GP^Lriax 
Mirx.imujTi Tine to Turn 
In. finding the mlnimiLm tine to turn, the calculations 
are r-iado for a turn of 360^. The tine for turning snaller 
angles can be found by multiplying the tine indicated on the 
charts by the corresponding fraction of a complete turn. 
Given that 



4- ^ 2TTr 



r • p 

■ve .'=ee that the tine to t^arn is a ndnlmm when y is a ninimum. 
Thi5? corresponds to the point of tangcncy of a line fron the 
origin to the curve of r versus V from the preceding: part. 
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Obviously the line from the origin becomes tan^rent to 
the curve of r versus V at a high^-3r speed than the minimum 
point of the curve, hence the minlriium time to tuj-'n is always 
at a higher speed than the speed for riinimun radius of turn 
except v;here both maneuvers occur at the stall. 



An example (airplane A: = 6, Vi/s = 40, R = 5.75) 

is chosen for an investigation of the effect of varying the 
aspect ratio on performance. The equations used are similar 
to those already given except that considerable sim.plif ication 
of the formulas can be made. wing area is assuined constant 
but i-veight and hence pov/er loading and v;ing loading vary as 
calculated by the formulas under the heading, Weight Variation. 



Airplane A has its wing area varied, keeping aspect ratio 
constant at R = 5.75. Using the new weights as calculated 
by the weight variation forr.ulas, the wing loading and corre- 
sponding performance is computed by previous methods. 



It is assumed that the weight of the wing can be calculatea 
by the wing w^eight forinula. 



The Effect of Aspect Ratio 



The Effect of Wing Loading 



Weight Variation 




f R' 



- 28 - 



':'r,, the alip;htinn; gear, is taken, as O.OSVv'; Y."3, the distrib- 
uted lead, is considered as 1800 pounds for 2000«horsepov;er 
P'lrsult airplanes; K is assumed to be 100,000; t, the 
v;ing thickness ratio, is taken as 0,16; f, the ultimate 
load factor, is 12. 

It is assumed that the rei^rht of the tail is 15 percent 
of the wei.rht of the wing, and the fuselage is 10 percent of 
the .cross v,'-eif;ht. The internal concentrated loads of the 
airplane are considered as V!^. Combining the parts of the 
airplane 

V/ = o.iov; + o.oev/ + + o.iSvV]_ + + w^, 

or 

0.32 \i - l.lZ/^ij^ + Vv^ + (1) 

but 

V: - W - 0.75(0.08V/) - 0.5(1800) ^ 0.94V; 900 
100000 K 0.16 ^ T 1 553 > 5 . . 

—3—1 ^ "T~r" " ^ 

12R R 3 

Substitutinf: (2) In (1): 

o.82v; = i-i5(o»04v: - o ooj ^ ^ 

3 1 ^ 

o o 



Solving for 



_ (13 33. 3 + R 

v\' — 



1093.3 - 0.2422 r'*^' 3^ 



In plootino: the results, \lr Is substituted for V// + Y^rz^ 

and curves of constant — are plotted, on coordinates of 

P 

— versus — and R, 

"D C* 
X O 

Confirmation of Validity of V/inn; v.-eight Formula 
It is desirable to shov; that the wing weight form^.ila is 
svif f ic'' ently accui^ate for use in this report. For this 
purpose it can be used in the form: 

V/ = V/ - 0.7 5(WS) - 0.5(W5) 

IQQOOO t 
5 '1 

f r2 

The data from certain actual airplanes are tabulated below: 



(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(3) 


(9) 


(10) 


(11) 


Air- 


V/ 


^^2 


W3 


f 


t 


R 


S 


'^1 




(9) 
(10) 


plane 
















(Calcu- 


(Actual) 


















lated) 




P39D 


7G20 


387 


979 


12 


0.15 


5.42 


213 


877 


931 


0.94 


P40P 


8523 


500 


898 


12 


.15 


5.90 


236 


1152 


1128 


1.02 


P43 


7285 


775 


116 


12 


.16 


5.79 


224 


902 


958 


.94 


P47D 


13220 


1116 


1806 


12 


.16 


5.61 


300 


1689 


1533 


1.10 


P51 


7967 


648 


485 


12 


.14 


5.82 


236 


1111 


1070 


1.04 



The relative error seems as small as can be expected in view 
of the different t^vpes of structures, airfoil shapes, and 
cutouts . 

riaximum Rolling Velocity 
In calculating the rate of roll of pursuit airplanes, 
tvvo cases are considered: (a) airplanes rolling v/ith maximum 
aileron deflection, (b) airplanes rolling with a 30-pound 
stick force. 
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r ■^'jr'^'b case = K. For one of the best pursuit air- 

pliUiCS in present production K = 0,034 • Substituting 

p» X = p, and V , = ■ in order to obtain the units 

IGO ^^)h 1.467 



desired the formula as used becont-js: = 14,12 



mpn 



b 

In the second case it is realized that the rate of roll 

w] th constant stick force is critically dependent on the 

percent aerodynamic balance of the ailerons and that this 

derree of balance is different for different airplanes, a 

representative airplane knov/n to have liglit controls is chosen 

an a basis for the calculation of the rate of roll at constant 

V 



3 tick force. The rolling: velocity can be stated as p' = . 

pb4v 

for similar airplanes. From the performance of the airplane 
used as a standard, K is calculated to be K = 130,200,000. 

Substituting this value in the above equation and chan^-iing 

, 88740000 
un 1 1 3 ' /e ha V e p ^ = ' • 
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APPENDIX C 

DISCUSSION OP THE LIMITATIONS AND COORDINATING 0? CHARTS 

Take-off Run 

The take-off run is largely dependent on the handling 
of the controls of the airplane, and varies considerably for 
different pilots o By assuming a systematic handling of the 
controls we get a reasonable distance required for take-off 
and the curves shov/ the trends to- be expected v/hen all the 
airplanes take off at a lift coefficient of 1»0. 

Rate of Climb 

There are several factors leading to the selection of 
climbing at the attitude for maximum. l/D. If each airplane 
had to be investigated as to the horsepov/er available and the 
horsepower required at several speeds, the work would be 
unnecessarily involved in finding the maximum rates of climb* 
Consequently some systematic variation of climbing speeds is 
desirable. For all the practical airplanes on the charts, 
the rate of cliinb at maximim l/d is approximately equal to 
the m.aximum possible rate of climb • 

The assumption of relatively high propeller efficiencies 
in the climb condition is justified since m.ost of the forv^/ard 
speeds while flying at maximum l/d are high. 

High Speeds 

The actual values of speed are dependent upon the 
assumptions of drag, aspect ratio, propeller efficiency, and 



al-^ltiv:ie but the curve? should prove useful in sliowing the 
perfornance obtainable in new designs, and in showing the 
gains In speed that can be obtained in existing designs by 
changes in weight, povyer, wing area, or altitude. 

Minirmjiin Radius of Turn 

Tlie conditions for steady turning are that the airplanes 
sliall not stall, change their altitudes, speeds, or require 
more power than tliat available. For most of the light-weight 
ai rplanes, . particularly at lev; altitudes, the minimum radius 
of steady turn occurs close to the stall. V/herever needed 
it is assumed that flaps can be used with optimum deflections. 
The m.axim:um lift coefficient with flaps deflected fully is 
taken a,^ 2.5. 

The m.lnimum radius of accelerated turn occurs in a 
vertical bank and momentarily the pilot can lose altitude 
or b^se up part of the kinetic energy of the airplane ' to 
increase effectively the power available for the m.aneuver. 
This makes the radius of turn a function of only ^l^^^^ 
p, and W/S, so the steady turn charts can be used to 
give the m.lnlmum radius of accelerated turn by using the 
correct wing loading for the airplanes but a power loading 
of zero. 

Minim. -urn Time to Turn 
The same as sum.pt ions used for the minim.um. radius of turn 
calculations also apply to the calculations for minimum time 
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to turn. As a whole the speeds Involved are slightly higher, 
propeller efficiencies are higher, and lift coefficients are 
slightly lov/er at the speeds for mlnimim time to turn. 
The Effect of Aspect Ratio 

A particular airplane (airplane A: V//p = 6, \//3 = 40, 
R = 5.75) is chosen for further investigation of the effect 
of changing the aspect ratio on all the performance. This 
method of investigating aspect ratios must not be considered 
sufficient for final selection of the desired aspect ratio. 
For instance, the airplane considered above may be the most 
desirable airplane for a specific mds^^ion at 25,000 feet, and 
by varying the aspect ratio, keeping wing area constant, v;e 
may be able to improve the performance ; however , the original 
values of power loading and wing loading do not apply to the 
new airplane since the structural w^eight has changed. 
Figures 9 to 14 allov/ for the variation in structural v\reight, 
and these show the performance to be expected. 

The Effect of V;ing Loading 

Airplane A is again chosen to show what happens to the 
performance of an airplane when the wing loading is varied by 
changing the wing area, allowing for the change in structural 
weights, keeping tlie aspect ratio equal to 5.75. Figure 7 
is extremely important in that it riay modify considerably the 
conclusions drawn from the other figures. Its use is also 
important because it gives a rapid method of estim.ating the 



avr.llable wing and power loadings of an airplane having a 
certain ratio of Internal weights to horsepower. 

Coordinate System 
' The only coordinate system requiring an explanation is 
one using power loading as the ordinate and v/ing loading 'as 
the abscissa. These generalized coordinates allow the 
superposition of the charts to foi^m a composite chart to be 
used for airplanes of all different powers and sizes. The 
performance estimated from the charts checks flight tests of 
actual airplanes very v/ell except for the rate-of-roll curves; 
many airplanes do not have sufficient acrodynam.ic balance to 
allovi/ the desired aileron deflection at high speeds to attain 
the rolling velocities shown. The rate of roll is dependent, 
on the size of the airplanes rather than on powder and wing 
Idading and is not included on the latter coordinates because 
tl'ie chart would have to be limited to one definite power. 

The foregoing discussion gives the uses and limxitations 
of the charts. The use of the charts is the presentation 
of airplane selection in a manner which shows the actual 
compromises being made. Airplane designers will probably 
have other assumptions they would prefer for building cliarts 
of their own; they can use the included formulas to adapt 
the charts to their use, or can use weight variation curves 
of their own v'ith the given selection charts provided the 
aspect ratio of the airplanes under consideration is essentially 
the sam.e as that used In the charts* 
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